The analytical methods used here follow closely those previously described for He and Ne analyses of hematite (Farley and Flowers, 2012). Briefly, approximately 20 grams of sample was crushed with a mortar and pestle and wet-sieved into a 100 -500 µm size range with the goal of producing a well-homogenized granular sample to source multiple aliquots for various analyses.
A separate aliquot of ~30 mg was proton irradiated to make a uniform distribution of 3 He (Shuster et al., 2003) . Samples received a fluence of 4x10 15 protons/cm 2 with an energy of 220
MeV at the Frances Burr Proton Therapy Center at Massachusetts General Hospital. For the simultaneous diffusion and 4 He/ 3 He experiments, 0.5 -4 mg of sample was loaded in a Pt tube that was then spot welded to a thermocouple wire mount and heated with a projector lamp apparatus (Farley et al., 1999) at temperatures below ~500 o C, or with a diode laser for higher temperatures. Samples were step-heated, including both prograde and retrograde steps. Evolved gases were purified and analyzed on a MAP 215-50 mass spectrometer, as previously described (Farley and Flowers, 2012) . After step heating, the Pt tube was dropped into a double-walled vacuum furnace and heated to 1250˚C to extract and analyze all He remaining in the sample. Cold blanks of equal duration to sample heating steps were run as part of the step heating sequences and were used to correct 3 He and 4 He yields for each step. 3 He yields were converted to diffusion coefficients using standard formulae (Fechtig and Kalbitzer, 1966) . 4 He/ 3 He data were converted to step ages using the bulk 4 He/ 3 He ratio observed for the step heating experiment of each aliquot and the bulk He age of each sample. The uncertainty of the resulting age spectrum was calculated using a Monte Carlo approach that combines the observed uncertainty of the He bulk age, the sensitivity calibration of the mass spectrometer measurements, the cold blank, and the mass spectrometer measurements (listed in order of decreasing contribution).
Domain and Inverse Thermal History Modeling
We used a multiple diffusion domain (MDD) approach described by (Lovera et al., 1991) (renamed a poly-diffusion domain model (Evenson et al., 2014) to indicate the domains are discrete crystallites rather than structures within a crystal) and implemented by (Farley and Flowers, 2012) and (Gallagher, 2012) to model the thermal histories experienced by our samples.
The activation energy (Ea) for each sample was derived from 3 He release data by fitting linear regressions to retrograde heating cycles on an Arrhenius plot. For MI-43 and MI-81 where multiple retrograde cycles were measured, we adopted the mean of all retrograde sequences as the Ea of the sample and used it for modeling each aliquot. For MI-45 there was only one retrograde cycle analyzed and the resulting Ea of 184 kJ/mol was used to model that sample. See Table   DR4 for details about the derivation of Ea's used for modeling.
With Ea for each sample determined, we modeled the domain size distribution (DSD)
individually for each aliquot analyzed by step heating. We fit the observed ln(r/ro) plot (Lovera et al., 1991) by allowing a fixed number of contributing domains and adjusting the relative size and the proportion of the total 3 He contained therein. We used an analytical solution for diffusion from a sphere to determine the gas release from each domain using the step heating schedule from a particular aliquot. We then summed the gas release from all contributing domains for each heating step to generate a synthetic ln(r/ro) plot using the standard equations for diffusion coefficients from (Fechtig and Kalbitzer, 1966) . We created a program to automate this process and search for the best fit to the observed ln(r/ro) plot given a user specified number of diffusion domains. Eight domains was visually adequate to match the diffusion data. See Figure DR4 for the results of modeling the DSD for each aliquot.
We modeled the thermal histories of our samples using the program QTQt, a Bayesian transdimensional Markov Chain Monte Carlo approach to inverse modeling of thermochronometric data (Gallagher, 2012) . This approach favors simple temperature paths (small number of slope changes) because the misfit between modeled and observed results is weighted by the complexity of the path.
As described in the main text, we favor the idea that our Ne bulk ages indicate formation ages for our hematite samples, and so we use them as a starting point for the inverse modeling. Thermal histories were required to start at the Ne bulk age ± 1σ and between 0 and 250˚C, thermal histories were required to end today between 10 and 30˚C; no other constraints were placed on the inverse model and model thermal histories were allowed to experience heating and cooling at any rate. For MI-81 and MI-43, where multiple step heating experiments were conducted, we simultaneously (jointly) inverted all the available DSD and age spectra data. For MI-45 we inverted the single DSD and age spectrum. Figure DR5 shows the full results from inverse modeling for each sample. A key point regarding the 95% CI curves is that these are bounds on the time-temperature path only; no single path necessarily follows this bound. Thus the 95% CI bounding fits to the 4 He/ 3 He spectra shown (e.g., in Fig 3c) are not reflective of any single path that fits the data. Instead they are what is predicted on a path that follows the 95% envelope of the temperature paths.
The Ne closure temperature of hematite has not yet been measured. For the two phases for which He and Ne closure temperatures are known (Ol, Qtz (Gourbet et al., 2012; Shuster and Farley, 2005; Shuster et al., 2004) ), the neon closure temperature is 150-300 o C higher than the He closure temperature. Thus by analogy we infer that the bulk closure temperature of the Ne system in hematite is at least 150 o C higher than the bulk He closure temperature in our hematites, or Figure DR1 : SEM electron back-scatter images of an unpolished fragment of MI-43 similar in size to those used for diffusion experiments. The images range from 500x to 75,000x magnification and illustrate the polycrystalline nature of these hematite specimens. 
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Step Age (Ma)   0   100   200   300   400   500 Step Age ( Figure DR2 : Observed data from the hematite step heating experiments not shown in Figure 2 of the main text. See the caption of Figure 2 for an explanation of the Arrhenius plots (left column) and He age spectra plots (right column). The activation energy used for modeling the domain size distribution for each sample is indicated on the lower right of the Arrhenius plots and illustrated by the colored dashed line; for aliquots in which no retrograde sequence was performed (e.g., MI43-d4) the mean Ea for the other aliquots of that sample were adopted. The quantity ln(r/ro) is schematically depicted on the Arrhenius plot for MI-43-d4, where ln(r/ro) is half the vertical distance to any point in Arrhenius space from a line representing a constant activation energy. See (Farley and Flowers, 2012) for further explanation. Step not included in Inverse Modeling due to near blank level 4He yield ♮ =
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